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Radio Detections During Two State 
Transitions of the Intermediate-Mass 
Black Hole HLX-1 

Natalie Webb, 1,2 * David Cseh , 1 * 3 Emil Lenc , 4,5 Olivier Godet , 1,2 Didier Barret , 1,2 Stephane Corbel , 3 
Sean Farrell , 5,6 Robert Fender , 7 Neil Gehrels , 8 Ian Heywood 9 

Relativistic jets are streams of plasma moving at appreciable fractions of the speed of light. 

They have been observed from stellar-mass black holes (~3 to 20 solar masses, /W 0 ) as well as 
supermassive black holes (~10 6 to 10 9 /W 0 ) found in the centers of most galaxies. Jets should 
also be produced by intermediate-mass black holes (~10 2 to 10 5 /W 0 ), although evidence for this 
third class of black hole has, until recently, been weak. We report the detection of transient 
radio emission at the location of the intermediate-mass black hole candidate ESO 243-49 HLX-1, 
which is consistent with a discrete jet ejection event. These observations also allow us to refine 
the mass estimate of the black hole to be between -9 x 10 3 /W 0 and ~9 x 10 4 /W 0 . 


I t has been proposed that the kinetic power 
output of any black hole is only related to 
the mass accreted [in Eddington units (7)] 
onto it and does not depend on the mass of the 
black hole itself (2). If this is true, jet emission, 
which is most frequently detected through radio 
emission, is to be expected not only from stellar- 
mass black holes and supermassive black holes, 
but from black holes of all masses. This includes 
ultraluminous x-ray sources (ULXs), which are 
non-nuclear extragalactic x-ray point sources 
that exceed the Eddington lmninosity (where the 
radiation force is balanced by the gravitational 
force) for a stellar-mass black hole. These could 


be stellar-mass black holes undergoing hyperac- 
cretion (3, 4) and/or beaming (5, 6). Alternatively, 
they could contain black holes of a slightly higher 
mass, between 30 and 90 solar masses (M 0 ) (7), 
or could be the missing class of intermediate-mass 
black holes ( 8 ). 

To date, no variable radio emission associated 
with jets has been detected from ultraluminous 
x-ray sources, despite numerous observing cam- 
paigns (9, 10). By contrast, nonvarying nebula- 
like extended radio emission, which is likely to 
be powered by the central black hole, has been 
detected around some ULXs (11-13). ESO 243- 
49 HLX-1 (hereafter referred to as HLX-1 ) not only 


is a ULX but is cunently the best intermediate- 
mass black hole candidate. If HLX-1 harbors an 
intermediate-mass black hole, it accretes at com- 
parable fractions of the Eddington luminosity, 
as stellar-mass black holes in binaries (14). Hence, 
HLX-1 is expected to display similarities to the 
latter class of objects. In that respect, spectral 
state transitions reminiscent of black hole bi- 
naries have already been reported (15, 16). It is 
therefore the ideal object in which to search for 
jet emission, so as to verify the scale invariance 
of jets from black holes. 

HLX-1 was detected serendipitously by XMM- 
Newton on 23 November 2004 in the outskirts 
of the edge-on spiral galaxy ESO 243-49, 8 arc 
sec from the nucleus (17). The distance to HLX-1 
measured from its Hq emission line confirms that 
ESO 24349 is the host galaxy (18). HLX-1 there- 
fore has a maximum unabsorbed x-ray luminosi- 
ty, assuming isotropic emission, of 1.1 x 10 42 
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Fig. 1 . Long-term Swift x-ray telescope light curve showing the dates of the first two ATCA observations and the period during which the subsequent five 
ATCA observations were taken. Three x-ray state transitions from the low/hard state (count rate less than -0.002, 0.3 to 10.0 keV) to the high/soft state (count 
rate between -0.01 and -0.05, 0.3 to 10.0 keV) can be seen. 
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Fig. 2. (A) Five- and 9-GHz combined radio observations [contours: -B, 3, 
4, 5, 6, 7, 8, 9, 10, 15, 20, and 25 times the la root mean square (RMS) 
noise level (5.6 p]y per beam)] using the radio data taken on 13 September 
2010, 31 August 2011, and 3 and 4 September 2011 with ATCA and su- 
perimposed on an l-band Hubble Space Telescope image of ESO 243-49 
(inverted color map). The beam size is shown at the lower left. The galaxy, 
ESO 243-49, is clearly detected in radio. An 8a point source falls at RA = 
01 h 10 m 28.28 s and dec = -46°04'22.3" (la error on the position of RA = 



J2000 Right Ascension 


0.43" and dec = 0.67"), well within the 0.3" Chandra error circle of HLX-1. 
(B) Five- and 9-GHz combined radio observations [contours: -3, 3, 4, 5, 6, 7, 
8, 9, 10, 15, 20, and 25 times the la RMS noise level (7.0 pjy per beam)] 
made from the 3 December 2010, 25 August 2011, and 1 September 2011 
ATCA observations and superimposed on the same l-band Hubble Space Tel- 
escope image of ESO 243-49. The galaxy ESO 243-49 is again clearly detected, 
but no source is found within the Chandra error circle. The beam size is shown 
at the lower left. 


ergs s _1 (IT). HLX-1 qualifies as a ULX because 
of the non-nuclear situation of this point source 
and because it exceeds the Eddington luminosity 
for a stellar-mass black hole by three orders of 
magnitude. From the x-ray luminosity and the 
conservative assumption that this value exceeds 
the Eddington limit by at most a factor of 10 (3), 
a lower limit of 500 M Q was derived for the mass 
of the black hole (77). The maximum mass, 
however, is not constrained. The x-ray to optical 
flux ratio (77, 19) is far greater than expected 
from an active galactic nucleus, but without an 
estimate of this maximum mass, it could be ar- 
gued that HLX-1 is a non-nuclear supermassive 
black hole [e.g., (20)]. 

We observed HLX-1 with the Australia Tel- 
escope Compact Array (ATCA) in the 750-m 
configuration on 13 September 2010 (21), when 
regular x-ray monitoring of HLX-1 with the 
Swift satellite (22) showed that HLX-1 had just 
undergone a transition from the low/hard x-ray 
state to the high/soft x-ray state. This transition 
occurs for HLX-1 when the count rate increases 
by more than a factor of 10 in just a few days 
(Fig. 1) (16, 23). Galactic black hole binaries 
are known to regularly emit radio flares around 
the transition from the low/hard to the high/soft 
state [e.g., (24, 25)]. Such flares are associated 
with ejection events; for example, an expelled 
jet can lead to radio flaring when the higher- 
velocity ejecta collides with the lower-velocity 
material produced by the steady jet. As well as 
detecting radio emission from the nucleus of the 
galaxy, we detected a radio point source at right 
ascension (RA) = 01 h 10 m 28.28 s and declination 
(dec) = -46°04'22.3", coincident with the Chandra 
x-ray position of HLX-1 (26). Combining the 
5 -GHz and 9-GHz data gives a detection of 50 pjy 
per beam and a la noise level of 11 pjy, and thus 


Table 1. The seven radio observations organized by date. The second column shows the Swift x-ray 
unabsorbed flux (0.5 to 10.0 keV), with 90% confidence intervals in parentheses. The third column 
shows the combined 5- and 9-GHz peak brightness radio flux (with the associated la noise level) 
for the detections, or the 3a upper limit for the nondetections. The final column gives the radio 
flux from fitting a point source (with the associated la noise level) using the point spread function. 


Observation date 

X-ray flux 
(ergs cm -2 s -1 ) 

5+9 GHz peak flux 
(p]y/beam) 

5+9 GHz flux density (p]y) 

13 Sep 2010 

4.57 (lo.5o) x 10“ 13 

50 (11) 

42 (10) 

3 Dec 2010 

2.40 Cofo) x 10“ 13 

<36 

11 (20) 

25 Aug 2011 

4.57 (+0.30) x 10 -13 

<30 

14.5 (7) 

31 Aug 2011 

4.57 (+0.30) x 10" 13 

51 (10) 

63 (18) 

1 Sep 2011 

4.57 (±0.30) x 10" 13 

<31 

25 (10.5) 

3 Sep 2011 

4.57 (±0.30) x 10" 13 

45 (10.5) 

43 (10) 

4 Sep 2011 

4.57 (±0.30) x 10" 13 

30 (7.5) 

27 (7.5) 


a 4.5a detection at the position of HLX-1, at a time 
when such emission can be expected (Fig. 2A 
and Table 1). 

The radio flares in galactic black hole bina- 
ries are typically brighter than the nonflaring 
radio emission by a factor of 10 to >100 (9) and 
generally last one to several days [e.g., XTE 
J1859+226 (27)]. Once the high/soft state has 
been achieved, the core jet is suppressed [e.g., (24)]. 
To detennine whether the radio emission that we 
detected was transient and thus associated with a 
radio flare, we made another observation with 
ATCA in the 6-km configuration on 3 December 
2010, when HLX-1 was declining from tire high/ 
soft state and when no flaring was expected. This 
observation again showed emission from the nu- 
cleus of the galaxy, consistent with that of the 
previous radio observation, but revealed no source 
at the position of HLX-1. The 3a nondetection 
for the combined 5- and 9-GHz data is 36 pjy 
per beam (Fig. 2B and Table 1). These obser- 
vations suggest that the source is variable. 


To confirm the variability, we reobserved 
HLX-1 when it had just undergone another tran- 
sition from the low/hard x-ray state to the high/ 
soft x-ray state in August 2011 (Fig. 1). All five 
of the 2011 observations (Table 1) were made 
in a similar configuration to the December 2010 
observation. We observed three noncontiguous 
detections (>4a) and two noncontiguous non- 
detections of the source (Table 1 ). This indicates 
that two flares were detected during this period. 

To determine whether the source was indeed 
variable, we fitted each observation using a point 
source, with the point spread function. We used 
the position of HLX-1 when the source was not 
detected. This allowed us to estimate the flux and 
the associated errors (Table 1) even for a nonde- 
tection. We tested whether the data could be 
fitted with a constant — namely, the mean of the 
data. We used a chi-square test to compare these 
data to the mean flux value and found a reduced 
chi-square (%J) value of 2.5 (5 degrees of free- 
dom); because this is much greater than unity, 
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a constant is a poor fit to the data and hence the 
variable nature of the phenomenon is supported. 
Further, combining all of the detections (5 and 
9 GHz), the source was observed at 45 pJy per 
beam, with a la noise level of 5.5 pJy; this rep- 
resents a confident detection at the 8a level. 
Combining in a similar fashion the data in which 
no radio emission was detected, we obtained a 
3a upper limit in the combined 5- and 9-GHz 
data of 21 pJy per beam (Fig. 2). The variability 
rules out emission from a nebula. Hence, the 
observed variable radio emission is again con- 
sistent with a transient jet ejection event. 

Observations of supeimassive black holes and 
stellar-mass black holes have supported the scale 
invariance of jets (28, 29) through comparing x-ray 
and radio measurements — tracers of mass accre- 
tion rate and kinetic output, respectively — with the 
associated black hole masses to form a "funda- 
mental plane of black hole activity” (28). Under the 
hypothesis that HLX-1 is indeed an intermediate- 
mass black hole, we can test the proposed rela- 
tion. We take what is generally considered to be 
the maximum mass of intennediate-mass black 
holes, ~1 x 10 5 M 0 (8), and the x-ray luminosity, 
5.43 x 10 41 ergs s 1 (0.5 to 10.0 keV), determined 
from Swift x-ray telescope (30) observations made 
at the same time as our radio detection. Continuum 
(nonflaring) radio emission can then be estimated 
with the aforementioned relationship (29), which 
is based on a sample that includes black holes in 
all different x-ray states. This relation implies a con- 
tinuum radio emission at the ~20 pJy level. This is 
slightly lower than the 3a nonflaring upper limit, 
which suggests that the mass of the black hole is 
likely to be less than ~1 x 10 5 M 0 . 

Radio flares are seen to occur in galactic black 
hole binaries when the x-ray luminosity is 10 to 
100% of the Eddington luminosity (14). ITLX-1 
has already shown behavior similar to that of ga- 
lactic black hole binaries. Therefore, if we assume 
that the radio flares that we observed also occur 
when the x-ray luminosity is 10 to 100% of the 
Eddington luminosity, then the black hole mass 
would be between ~9.2 x io 3 M 0 and ~9.2 x 
10 4 M 0 , commensurate with the mass estimate 
above and those of (16, 23, 31) and confirming 
the intennediate-mass black hole status. 
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Kepler-36: A Pair of Planets 
with Neighboring Orbits 
and Dissimilar Densities 
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Michael R. Haas , 14 Jennifer Hall , 20 Andrew W. Howard , 21 Jon M. Jenkins , 17 Todd Klaus , 20 
David G. Koch , 14 David W. Latham , 13 Phillip J. MacQueen , 18 Dimitar Sasselov , 13 
Jason H. Steffen , 22 Joseph D. Twicken , 17 Joshua N. Winn 8 

In the solar system, the planets' compositions vary with orbital distance, with rocky planets in 
close orbits and lower-density gas giants in wider orbits. The detection of close-in giant planets 
around other stars was the first clue that this pattern is not universal and that planets' orbits 
can change substantially after their formation. Here, we report another violation of the orbit- 
composition pattern: two planets orbiting the same star with orbital distances differing by 
only 10% and densities differing by a factor of 8. One planet is likely a rocky "super-Earth," 
whereas the other is more akin to Neptune. These planets are 20 times more closely spaced 
and have a larger density contrast than any adjacent pair of planets in the solar system. 


T he detection of the first “hot Jupiter” around 
a Sun-like star (1) was surprising to re- 
searchers who based their expectations 
on the properties of the solar system. Theorists 
soon developed models of planetary “migration” 
to explain how the planets’ orbits can shrink (2). 
This work led to a broader recognition that the 
architecture of planetary systems can change sub- 
stantially after their fomiation. The planetary sys- 
tem reported in this paper is another example 
of an “extreme” planetary system that will serve 
as a stimulus to theories of planet migration and 
orbital rearrangement. The system features two 


planets in neighboring orbits with substantially 
different compositions. 

This system was detected from the miniature 
eclipses or transits that cause the host star to ap- 
pear fainter when the planets pass in front of 
the star. The target star (Kepler Object of Inter- 
est 277; hereafter, Kepler-36; also KIC 11401755, 
2MASS 19250004+4913545) is one of about 
150,000 stars that is subject to nearly continuous 
photometric surveillance by the Kepler space- 
craft (3-5). The Kepler data revealed the transits 
of two planets. The loss of light during transits by 
planet b is only 17% as large as that from planet c 
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